SUMMARY. Experimental right ventricular pressure-overload hypertrophy in small mammals is associated with early muscle dysfunction, even before the onset of overt pump failure. Experimental results are quite heterogeneous regarding muscle function of the pressure hypertrophied left ventricle. Muscle dysfunction of the right or left ventricle, when found, may be causally related to alterations of myosin ATPase activity and isozyme type. However, the effect of a gradual pressure overload, analogous to that which occurs in human aortic stenosis, on myocardial contractile function and myosin ATPase activity has not been studied in a large animal whose normal myosin isozyme pattern resembles that of man. We therefore studied pump performance, myocardial contractile function, and myosin ATPase activity and isozyme pattern in pigs with severe, gradually applied left ventricular pressure overload. Thirteen weeks after supravalvular aortic banding, 10 pigs grew more than 7-fold in body weight and were found to have an aortic stenosis area of 0.5 ±0.1 cm 2 with a gradient of 93 ± 12 mm Hg. Compared with nine control animals, the banded animals had a 67% increase in left ventricular mass relative to body weight without overt pump failure as measured by cardiac index and pulmonary artery wedge pressure. Left ventricular ejection performance, measured as shortening fraction, was maintained except in three animals with extreme hypertrophy, in which depressed ejection performance may have been due to an afterload mismatch, myocardial dysfunction, or both. Myocardial contractile function, determined from the end-systolic stress-diameter relationship, was normal except in two pigs in which ejection performance was depressed and left ventricular mass was more than doubled. Only the slow V 3 isozyme of myosin ATPase was found in both normal and hypertrophied pig myocardium, and the ATPase activity was normal in pigs with all degrees of hypertrophy. Thus, in a large animal model of severe, gradual left ventricular pressure overload, in which myosin isozyme pattern remains apparently unaltered, moderate hypertrophy can be associated with normal myosin ATPase activity and contractile function that is normal by current methods of evaluation. (Circ Res 53: 332-341, 1983) 
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Contractile performance of the hypertrophied left ventricle with severe pressure overload has been less extensively studied on either the muscle or pump level, and the experimental results are quite heterogeneous. Papillary muscles from moderately hypertrophied left ventricles of rats with chronic pressure overload, induced abruptly by acute aortic banding (Bing et al., 1971) or gradually in a hypertensive model (Capasso et al., 1982) , shorten with depressed velocity but maintain normal, or even supernormal (Capasso et al., 1981 ) levels of isometric tension. Papillary muscles from more extensively hypertrophied left ventricles of rats subjected to acute aortic banding develop less tension than normal (Meerson and Kapelko, 1972) . The contractile function of the intact left ventricular pump in terms of either the end-systolic stress-diameter relationship (Sasayama et al., 1977) or the more usual measures of pump function (Carbello et al., 1981) is normal when hypertrophy is mild. However, when hypertrophy due to acutely (Newman and Webb, 1980) or gradually (Pfeffer et al, 1979) developing pressure overload becomes more extensive, systolic muscle tension (Newman and Webb, 1980) or pump performance (Pfeffer et al., 1979) may decline. Thus, in the rat models of abrupt or gradually induced pressure overload hypertrophy, contractile force is maintained until left ventricular hypertrophy becomes severe. However, contractile function has not been evaluated in a large animal subjected to a severe, gradual pressure overload of the left ventricle.
A biochemical basis for the depressed contractile function found in the pressure hypertrophied left ventricle of the rat and the right ventricle of the rabbit and cat has been postulated to be a depression in myosin ATPase activity (Capasso et al., 1982; Maughan et al., 1979; Carey et al., 1978) . In the rat and rabbit models of hypertrophy, this has been suggested to be causally related to a decrease in the relative content of the Vi myosin isozyme, which has the highest ATPase activity and an increase in the relative content of the V 3 isozyme, which has the lowest ATPase activity (Rupp, 1981; Litten et al., 1982) . However, the polymorphic isomyosin pattern found in these animal models, which allows for this adaptive shift in response to pressure overload, is not found in some other species or in the adult human left ventricle (Lompre et al., 1981) .
Aortic stenosis, a common disease affecting the left ventricle in man, may be tolerated for years without symptoms, despite the burden of a severe pressure overload. Extensive left ventricular hypertrophy in this condition may normalize wall stress and allow pump function to be maintained , although it ultimately may fail (Carabello et al., 1980) . Whether or not muscle dysfunction occurs before the onset of failure, as occurs in at least one model of right ventricular pressure overload (Cooper et al., 1981) , is not known. Assessment of cardiac muscle function in humans is difficult (Sonnenblick, 1974; Sonnenblick and Strobeck, 1977) , and the variable results of studies in humans with aortic stenosis have suggested supernormal, normal, or depressed function (Graham et al., 1970; Fifer et al., 1979; Spann et al., 1980; Carabello et al., 1980; Huber et al., 1981) . Depressed pump function, when found, has been attributed to reduced muscle contractile performance, increased afterload, or both Carabello et al., 1980) .
In the present study, we examine contractile function and myosin ATPase activity in a model of gradual left ventricular pressure overload more analogous to the human pressure overload state-aortic stenosis-than previous models studied. We chose the pig because its ventricular isomyosin pattern, body size, and heart size are much more similar to man than smaller mammals examined previously.
Our hypothesis was that contractile function and myosin ATPase activity could be normal in such a model of left ventricular hypertrophy. Contractile function was measured using the end-systolic stressdiameter relationship; this measure of contractile performance appears to be independent of loading conditions (Suga et al., 1973; Weber et al., 1976) and correlates with the inotropic state of the intact left ventricle (Borow et al., 1982) . Further, since alterations in myosin isozymes and ATPase activity have been postulated as explanations for the depressed myocardial function found in small mammals whose normal myosin isozyme pattern differs from that of man (Lompre et al., 1981) , we investigated the ATPase activity and isozyme pattern of myosin in this unique model of supravalvular aortic stenosis which produced severe, gradually imposed pressure overload in the pig.
Methods

Preparation of the Experimental Model
Four-to six-week-old Yorkshire pigs weighing 5-10 kg were sedated with ketamine (20 mg/kg, im) and zylazine (2 mg/kg, im), and then anesthetized with halothane and nitrous oxide. A right thoracotomy was performed in the 2nd intercostal space, with endotracheal ventilation controlled by a Harvard respirator. Through a small pericardiotomy, a strip of polytetrafluoroethylene (courtesy of W. L. Gortex & Assoc., Inc.) precut to give a band circumference of 3 cm was tied around the aortic root just above the origin of the coronary arteries. This circumference was chosen to match the undeformed external circumference of the aortic root just above the coronary arteries in 7-kg pigs, determined postmortem, and gives a cross-sectional area of about 0.7 cm 2 . In all cases, the band was tied tightly snugly around the aorta but did not visibly deform the vessel or create a palpable thrill. The small pericardiotomy was left open, the pneumothorax evacuated with a chest tube, and the chest wall and skin incisions were closed. The animals were returned to the farm to grow for an average of 13 weeks before study. Non-operated pigs served as controls.
Instrumentation and Data Acquisition
The pigs were studied 13 ± 1 weeks after banding. After sedation with ketamine (20 mg/kg, im) and zylazine (2 mg/kg, im), the animals were anesthetized with achloralose (100 mg/kg, iv) and morphine sulfate (1 mg/ kg, im). Through a midline neck incision, a tracheostomy tube was inserted for ventilation with room air or supplemental oxygen sufficient to keep blood gases in the physiological range, as determined periodically throughout the procedure. Right heart catheterization was performed via the right internal jugular vein with a triple-lumen thermodilution catheter for measurement of right heart pressures and thermodilution cardiac output with a cardiac output computer. Left heart catheterization was performed via the right carotid artery with a manometer-tip catheter. A pullback gradient across the stenosis was obtained, and the stenosis area was estimated with a modification of the Gorlin equation (Hakki et al., 1981) . This catheter tip was placed proximal to the stenosis for measurement of pressure during hemodynamic studies. A second, fluid-filled catheter was used to monitor pressure distal to the stenosis. Fluids were given intravenously prior to mechanical studies as needed to keep the pulmonary wedge pressure at 5-10 mm Hg. A left thoracotomy was performed in the 5th intercostal space. A snare was placed around the descending thoracic aorta. The heart was exposed through a pericardiotomy. Left ventricular minor axis, major axis, and wall thickness were measured with 5 MHz piezoelectric crystals and ultrasonic dimension gauge using methods described previously (Rankin et al., 1976) . Briefly, as shown in Figure 1 , a pair of 5 mm crystals was sutured to the epicardium of the anterior and posterior walls, respectively, to measure minor axis at the equator. Major axis was determined from another pair of crystals, of which one was positioned at the apex and the other at the base between the aortic root and left atrium. Anterior wall thickness above the papillary muscle was measured between a 2-mm crystal placed at the endocardium through a diagonal tract and a 5-mm crystal sutured to the epicardium directly opposite the endocardial crystal; this position was determined ultrasonically as the shortest distance between the two crystals. Pacing at a rate of 100/min was achieved with wires attached to the left atrium. Propranolol (1 mg/kg) and atropine (0.01 mg/kg) were given intravenously to prevent reflex changes in AV conduction and inotropic state. Baseline pressures and dimensions were recorded. Incremental elevation of proximal aortic pressure was produced by tightening the snare, and repeat measurements of end-systolic thickness and dimensions were obtained at each new end-systolic pressure; the pressure in each case stabilized after 20-30 beats. After release of the aortic snare and hemodynamic equilibration, this process was repeated. From four to 12 (mean ± SE = 7 ± 1) sets of measurements at just as many pressures were obtained for each animal. The experiment was terminated by fibrillating the heart electrically, then quickly removing the heart from the chest. After crystal placement had been carefully documented, the atria, right ventricle, valves, pericardial fat, and any adhesions present were removed from the left ventricle, which was then weighed and quick-frozen in liquid nitrogen. Since proper crystal placement was critical to the measurement of wall stress, any heart in which the endocardial crystal of the wall thickness pair was greater than 1 mm from the endocardium was excluded from the study.
Evaluation of Ventricular Function
We used a modification of the stress-diameter method described previously by Sasayama et al., (1977) . This method is based on the end-systolic pressure-volume relationship popularized by Sagawa (1978) . This relationship has been found to be linear in both animals and humans, and its slope, E m , xi provides an index of contractile function that is independent of loading conditions (Suga et al., 1973; and sensitive to inotropic stimulants (Suga and Sagawa, 1974; Suga et al., 1973; Grossman et al., 1977) . In comparisons of ventricles of different sizes, wall stress is preferable to pressure, since it normalizes for differences in ventricular wall thickness and chamber dimensions (Weber et al., 1976; Marsh et al., 1979) . We calculated circumferential stress (Sc) for a thick-walled ellipse (Falsetti et al., 1970) , as shown in Figure 1 . Endsystolic stress was plotted against end-systolic midwall diameter, bmid = b+h, rather than internal diameter, since the latter may be influenced significantly by the b:h ratio of the ventricle (Dumesnil et al., 1979) . The end of mechanical systole was defined as that precise moment at which the minor axis reached its nadir, when this time preceded that of the dicrotic notch, since inertia may delay aortic valve closure beyond the end of active contraction (Sagawa, 1981) . In each experiment, a set of pressure, thickness and dimension measurements from each of four to 12 (mean ± SE = 7 ± 1) aortic constrictions of varying severity were combined to give a linear regression of endsystolic stress against end-systolic diameter. The slope of this regression is termed E™,. The diameter intercept is b 0 .
Indices of Hypertrophy
Two independent indices of hypertrophy were examined. To normalize for differences in body size, left ventricular wet weight and the weight of the pig are expressed as LVW:BW ratio in grams/kilogram. As an internal index of concentric hypertrophy, the ultrasonically determined wall thickness and endocardial semiminor axis at end diastole in situ under maximum loading conditions are expressed as h:R ratio.
Myosin ATPase
After preparation of myosin (Murakami et al., 1976) , the final product was dialyzed overnight against 5 ITLM borate buffer at pH 8.0 containing 0.5 M KCL at 4°C. Protein content was determined using a microbiuret method. The ATPase activity was measured (Barany et al., 1967) as noted below at 25°C in a 2-ml reaction mixture containing:
1. K + EDTA activated: 50 imi Tris-HCl, (pH 7.6), 10 ITIM EDTA, 0.5 M KCL, 2.5 mM ATP, 12.5 jig myosin/ml.
2. Ca ++ activated: 50 mM Tris-HCl (pH 7.6), 0.025 mM KC1, 10 mM CaCl 2 , 2.5 ITIM ATP, 12.5 jzg myosin/ml. The reaction was started by the addition of ATP and stopped after 5 minutes with 1.67 N H 2 SO<. Sodium dodecyl sulfate (SDS) 0.4% was added to the 1.67 N H 2 SO 4 to prevent precipitation of actomyosin in the myofibrillar ATPase. The liberated P, was determined in each case by a modification of the method of Fiske and Subbarow (1925) . This method is simplified because of the low protein concentration, and does not require centrifugation prior to color development. Because the entire sample, rather than a small aliquot, was used, Pj determination was enhanced.
Gel Electrophoresis
Myosin was examined by both one-dimensional SDS and pyrophosphate (native) gel electrophoresis to examine the myosin purity (SDS) and to determine the number of isoenzymic forms (pyrophosphate).
SDS gels were run according to the method of Laemuli (1970), using a 4.5% stacking and a 13% running gel.
Pyrophosphate (native) gel electrophoresis was done by the method of Hoh (1976 Hoh ( , 1978 . These 3% acrylamide gels were run at 2-4°C for 16 hours, with recirculation of the buffer between the anodic and cathodic reservoirs.
Statistical Analysis
The end-systolic stress-diameter data for each animal was fit to a linear regression equation (method of least squares) having a regression coefficient (slope) defined as En,,, and a diameter intercept defined as b 0 (Mehmel et al., 1981; Suga et al., 1979; Marsh et al., 1979) . Variation within groups (control and hypertrophy) was determined by analysis of covariance (Biomedical Computer Programs, 1979) . Comparisons for both E™,, and b 0 between the two groups was made using the Mann-Whitney rank sum test (Biomedical Computer Programs, 1979) . The relationship between b 0 and b^ within each group was studied, and a comparison of this relationship between the two groups was performed, using multiple linear regression (Biomedical Computer Programs, 1979) .
Comparisons between groups were made for the other mechanical, hemodynamic, morphological, and biochemical data using the unpaired two-tailed f-test.
When a value of p < 0.05 was found, the difference was considered to be statistically significant. The data are reported as means ± SE.
Results
Thirteen ± 1 weeks after banding piglets initially weighing 7 ± 1 kg grew to 53 ± 5 kg, and had developed severe supravalvular aortic stenosis as demonstrated in Table 1 . The hemodynamic data, analagous to those in humans with severe aortic stenosis, reveal an increase in left ventricular enddiastolic pressure in these concentrically hypertrophied ventricles, but normal pump function as assessed by cardiac index and wedge pressure.
The data in Table 2 reveal the significant degree of concentric left ventricular hypertrophy found in the banded animals at the time of study. Relative to body mass, left ventricular mass in the banded animals was 67% greater than that of controls.
The ventricular mechanical data are presented in Table 3 and in Figure 2 . Afterload, expressed as endsystolic circumferential stress (Sc), tended to be elevated and shortening fraction tended to be depressed in the hypertrophied animals, although these differences did not reach statistical signifi- Table  2 , there were nine control animals and 10 hypertrophied animals. Stenosis gradient is the peak systolic pressure gradient across the stenosis. Stenosis area is derived from stenosis gradient and cardiac index using the modified Gorlin equation (Hakki et al , 1981) * P < 0.025 compared with control; f P < 0.001 compared with control cance. There was, however, a statistically significant (P < 0.01) inverse correlation (r = 0.83) between shortening fraction and end systolic stress (Fig. 3) . This relationship between ejection performance and afterload has been found to be inversely linear in both normal humans given vasopressors (Borow et al., 1982c) and in patients with aortic stenosis . The mean values of slope (Em ax ) and diameter intercept (bo) of the endsystolic stress-diameter relationship for each group are given in Table 3 . Analysis of covariance revealed significant variation (p < 0.05) within each group; a comparison between the two groups using a nonparametric rank sum test revealed a similar value of E max but a higher value of b 0 for the animals with hypertrophy, compared with controls. However, b 0 was found to be highly dependent upon body size (r = 0.82 for regression of b 0 on body weight) and heart size (r = 0.95 for regression of b 0 on b^) in the control group. A comparison between the two groups for b 0 on b^ using multiple linear regression revealed only a slight difference (p = 0.07), which was attributed to the two pigs having the most extreme hypertrophy (Fig. 5) . Thus, it appears that the larger b 0 (illustrated in Fig. 2c as a rightward symmetric shift in the stress-diameter relationship) in the animals with hypertrophy is due largely to Results are expressed as mean ± SE. Left ventricular (LV) enddiastolic wall thickness (h) and internal radius (R) were measured ultrasonically at end diastole.
• P < 0.025; f P < 0.005; | P < 0.001. Results are mean ± SE. Ejection performance, measured as the shortening fraction (SF), is the ratio of endocardial minor axis shortening during systole to end-diastolic endocardial diameter End-systolic circumferential stress (Sc) is the afterload prior to acute manipulation of aortic pressure. Contractile performance of the myocardium is measured from the end-systolic stress, endsystolic diameter relationship. This relationship is linear (r = 0.96 ± 0.01 for controls, r = 0.97 ± 0.01 for hypertrophied animals), with a slope represented as £"" and an intercept on the abscissa represented by bo (see Methods and Figure 5 ).
* P < 0.05 compared with controls.
the increased heart size in these animals. There was no significant association between E mix and body weight among control animals (r = 0.15). Table 4 shows the mechanical data for each banded animal. Seven animals with shortening fractions >0.25 comprise group A, while three animals with shortening fractions <0.25 comprise group B. The number of animals in each group is too small to allow statistical comparisons of the two groups. However, the depressed ejection performance in the three group B animals could be explained by the very high afterload (Sc) found in one animal and by the lower contractile function (E ma x) found in the other two. It is noteworthy that the two animals with the most severe hypertrophy had the lowest Ema X . Figure 3 shows that these two animals fall below the 95% confidence limit of the shortening fraction-afterload relationship. This suggests that excessive afterload does not alone account for depressed shortening fraction, and that muscle dysfunction was present when hypertrophy exceeded 100% in terms of LV:BW ratio.
The mean myosin ATPase activities using Ca ++ or K + EDTA stimulation and the myofibrillar ATPase activity all are shown in Table 5 . There were no The hypertrophied animals with impaired ejection performance (SF < 0.25) comprise group B and include two animals with the highest left ventricular weight-to-body weight ratio (LVW:BW) The hypertrophied animals with preserved shortening fraction (SF a 0.25) comprise group A. The abbreviations are defined in the legend of Table 3. significant differences between control and either hypertrophy group for any of these measurements.
SDS slab gels revealed that the myosin of both control and hypertrophied pigs was of high purity with trace amounts of actin and no light chain degradation products.
Representative pyrophosphate gel electrophoretograms of control and hypertrophic pig cardiac myosin are seen in Figure 4 , along with a comparative sample from rat myocardium. There is only one isoenzymic form seen in both control and hypertrophic cardiac myosin in the pig, but three isozymic forms seen in the rat. This single band in the pig which corresponds in mobility with the V 3 form of the rat, has the lowest ATPase activity of three known myosin isozymes (Hoh, 1976; Rupp, 1981) .
Discussion
The Model
This study employed an animal model resembling aortic stenosis in man with regard to body and heart size, abruptness and severity of pressure overload, and myosin isozyme pattern. The major new findings of this study are that substantial hypertrophy of the left ventricle is associated with normal myosin Results are expressed as mean ± SE. Units of ATPase activity are //mols Pi/mg protein/min at 25°C.
ATPase activity, unaltered myosin isozyme patterns, and, except with marked hypertrophy, normal indexes of ventricular contractile function. Thus, our hypothesis has been confirmed.
Most of the variability in the contractile performance of pressure-hypertrophied myocardium reported from various laboratories may be explained in large part by differences in: (1) the ventricle studied, i.e., right or left, (2) the species, (3) the abruptness and severity of the pressure overload, and (4) the degree of hypertrophy produced (Grossman, 1980; Wikman-Coffelt et al., 1979) . Although depressed contractile function has been found in myocardium isolated from hypertrophied right ventricles with severe, gradual pressure overload (Cooper et al., 1981) , the right ventricle normally pumps an identical volume of blood at a much lower pressure than the left ventricle. Therefore, the left ventricle might tolerate a greater degree of pressureinduced hypertrophy compared with the right ventricle before the onset of contractile dysfunction. Various alterations in contractile performance in response to pressure overload have been found in small species. Depressed tension development (Carey et al., 1978) , as well as depressed shortening velocity (Maughan et al., 1979; Capasso et al., 1982) in hypertrophied myocardium of smaller mammals, is associated with depressed myosin ATPase activity; however, the rodent myosin isozyme patterns differ from that of man. The pig, whose overall size, heartto-body weight ratio (Schaper et al., 1971) , and coronary artery distribution (Lumb and Hardy, 1963) resemble those of man, may be a more appropriate model for pressure overload hypertrophy. In adult pig as well as adult human left ventricle (Lompre et al., 1981) , there is only one isomyosin seen after native gel electrophoresis, and that isomyosin co-migrates with the V 3 isozyme of the rat. This contrasts with the multiple isozyme pattern of myosin established for the rat left ventricle (Lompre et al., 1981) and rabbit right ventricle (litten et al., 1982) .
The importance of studying gradual onset pressure overload, as found in humans, has been emphasized by others (Williams and Potter, 1974; Bishop and Melson, 1976; Cooper, 1981) . We are aware of no previous model of left ventricular hypertrophy of this severity, created by gradual pressure overload, in which contractile function was studied. Although gradual progressive pressure overload was not documented in each of our animals, the gradual pressure overload produced by this technique has already been carefully documented (Cooper et al., Fig. 1, 1981) . We did not exclude the possibility of myocardial hyperplasia in our pigs. Although the pig may possibly differ, the fact that myocyte hypertrophy rather than hyperplasia predominates in post-neonatal rats (Julian et al., 1981) and cats (Cooper et al., 1981) subjected to gradual pressure overload has been documented.
Control
Hypertrophy Rat 
Assessment of Contractile Performance
A satisfactory index of contractile function for the intact ventricle has been even more elusive (Sonnenblick, 1974) than that for simple preparations of isolated myocardium. Nevertheless, functional study of the intact hypertrophied ventricle is both desirable and necessary, since it has not yet been possible to fully characterize myocardium isolated from humans or other large species.
An ideal index of contractile function should be insensitive to loading conditions and sensitive to inotropic interventions. Although many of the indices of contractile performance are load-dependent (Mahler et al., 1975), or are extrapolated (i.e., V™,,) , the linear relationship between end-systolic pressure and volume is neither (Suga and Sagawa, 1974; Suga et al., 1973; Sagawa et al., 1977; Sagawa, 1978) . The slopes of the pressure-volume (Suga and Sagawa, 1974; Borow et al., 1982a) and stress-length (Weber et al., 1976) relationships are sensitive to inotropic interventions. These slopes are depressed, not only in humans with overt myocardial disease (Grossman et al., 1977) , but, also, in patients with myocardial disease that is not detectable by the more usual ejection phase indices of performance (Takahashi et al., 1980; Borow et al., 1982b) . Whether this index applied to the intact pump is as sensitive to alterations of contractile function as force measurements in isolated muscle is unknown. Subtle alterations in contractile function might not have been detected by E ma* in the present study. Indeed, one recent study suggests that the zero stress extrapolated diameter, b 0 in our study, might be more sensitive to inotropic interventions than the slope, E^ (Borow et al., 1982c) . However, in most other studies using either the pressure-volume or stress-diameter relationship (Borow et al., 1982a; Mehmel et al., 1981; Sagawa et al., 1977; Suga et al., 1973; Takahashi et al., 1980 ), slope appears to be more sensitive to inotropic state than intercept. In our pigs, the diameter intercept, b 0 , was highly correlated with body and heart size among control animals, as shown in Figure 2 . When referenced to end-diastolic mid-wall diameter to cancel out this size dependence, we found that only two hypertrophied pigs had intercepts above the 95% confidence interval for controls (Fig. 5) . These same two pigs had the greatest degree of hypertrophy with more than dou- ble the normal LV mass, and were also the only two pigs identified by the shortening fraction-stress relationship as having depressed contractile function (Fig. 3) . In the present investigation of myocardial hypertrophy, the use of stress, which normalizes for differences in ventricular thickness and dimensions (Marsh et al., 1979; Weber et al., 1976; Reichek et al., 1982) , was preferred to the use of pressure alone. Circumferential stress for a thick-walled ellipse, which accounts for chamber eccentricity (Janz, 1980) , and may be preferable to other models of wall stress (Burns et al., 1971; McHale and Greenfield, 1973) , was used. End-systolic diameter was substituted for end-systolic volume in our study, but this should not significantly affect the results (Borow et al., 1982a) . Application of the end-systolic stress-diameter relationship to our model of severe, gradual pressure overload has allowed us to separate the effects of afterload mismatch (Ross, 1976) on left ventricular ejection performance from those of myocardial contractile dysfunction (Carabello et al., 1980) . The inverse correlation between ejection performance and afterload described in humans with aortic stenosis was apparent in our hypertrophied animals (Fig. 3) . Two of the three animals comprising group B with depressed ejection performance fell below the 95% confidence limits of this relationship. This suggests that depressed contractile function was responsible for the depressed ejection performance, since the depressed ejection performance could not be ascribed merely to excessive afterload. This situation has also been described in humans with aortic stenosis (Carabello et al., 1980) .
Myosin ATPase
Myosin ATPase activity and isoenzyme pattern may be altered in hypertrophic myocardium (Carey et al., 1978; Maughan et al., 1979; Litten et al., 1982) . Alterations in contractile function that occur following a pressure overload seem to depend, in part, on changes in myosin ATPase activity (Wikman-Coffelt et al., 1982) . Pressure-induced hypertrophy of the left ventricle has been studied using the rat (Bing et al., 1971; Meerson and Kapelko, 1972; Pfeffer et al., 1979) . However, in rats (Rupp, 1981) , as well as in rabbits (Litten et al., 1982) , the partitioning between the fast Vi isozyme and the slow V 3 isozyme is altered by changes in loading conditions, and this redistribution of isoenzymes may, in part, account for the changes in myosin ATPase activity and myocardial contractile function that follow a pressure overload in these species. In contrast, the ventricular myocardium of adult humans, and other adult large species such as the pig, does not have this polymorphic isozyme pattern (Lompre et al., 1981) ; only a single isomyosin is found, and that isomyosin comigrates with V 3 of the rat (Fig. 4) . The absence of V] in the adult pig provides a plausible explanation for the unaltered myosin ATPase activity in our model, compared with that of the rodent models of pressure-induced hypertrophy. A potential limitation of the electrophoretic technique we used is that native isomyosins are separable only if they differ in regard to charged amino acids. Using monoclonal antibodies, Clark et al. (1982) have identified in the guinea pig two distinct isomyosins, immunologically resembling V] and V 3 , which were not separable on pyrophosphate gel. However, only V 3 was found in the adult pig. Thus, while it is known that the neonatal pig myocardium contains a V] isomyosin that is separable from V 3 on pyrophosphate gel (Lompre et al., 1981) , V 3 is the only isomyosin found in the post-neonatal pig by either the electrophoretic or immunologic technique (Clark et al., 1982) . Although the presence in hypertrophied pig myocardium of a heretofore undiscovered isomyosin, *V X/ * with the same electrophoretic mobility as V 3 , cannot be excluded on the basis of pyrophosphate gels, the unaltered myosin ATPase activity we found with hypertrophy suggests that a functionally important isoenzyme shift did not occur.
In summary, left ventricular hypertrophy caused by a gradual, severe pressure overload, as with aortic stenosis in man, is associated with normal myosin ATPase activity, unaltered isomyosin pattern, and, except when hypertrophy is extreme, contractile performance that is normal by current methods of evaluation.
